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1. INTRODUCTION {#cas13497-sec-0001}
===============

It has been largely accepted that chronic inflammation is a pivotal causal component of somatic tumorigenesis and progression.[1](#cas13497-bib-0001){ref-type="ref"}, [2](#cas13497-bib-0002){ref-type="ref"} A representative example of this strong association is colonic carcinogenesis arising in individuals with IBD.[1](#cas13497-bib-0001){ref-type="ref"}, [3](#cas13497-bib-0003){ref-type="ref"}, [4](#cas13497-bib-0004){ref-type="ref"}, [5](#cas13497-bib-0005){ref-type="ref"} Colorectal cancer has been well studied and it can be divided into 2 types: colitis‐associated CRC and sporadic CRC. Prolonged IBD is one of the major risks for CAC initiation, characterized by CAC incidence ranging from 2% after 10 years of IBD history up to 18% after 30 years.[6](#cas13497-bib-0006){ref-type="ref"}, [7](#cas13497-bib-0007){ref-type="ref"} Considering the long course from IBD to CAC, there are opportunities for interventions to halt or even reverse the process of carcinogenesis in this high‐risk population.[8](#cas13497-bib-0008){ref-type="ref"}

Evidence is accumulating that dysbiosis of intestinal microbiota may greatly influence the pathogenesis of IBD and CRC in both animal models and humans.[9](#cas13497-bib-0009){ref-type="ref"}, [10](#cas13497-bib-0010){ref-type="ref"}, [11](#cas13497-bib-0011){ref-type="ref"}, [12](#cas13497-bib-0012){ref-type="ref"}, [13](#cas13497-bib-0013){ref-type="ref"}, [14](#cas13497-bib-0014){ref-type="ref"} For example, bacterial phyla responsible for producing short‐chain fatty acids are observed with decreased abundance in patients with IBD, which may serve as a cause or a consequence of permanent intestinal inflammation response in IBD.[9](#cas13497-bib-0009){ref-type="ref"}, [15](#cas13497-bib-0015){ref-type="ref"}, [16](#cas13497-bib-0016){ref-type="ref"} A recent study also reported that *Fusobacterium nucleatum* contributes to chemoresistance in CRC through modulating the network of Toll‐like receptors, microRNAs, and autophagy.[17](#cas13497-bib-0017){ref-type="ref"} Thus, strategies of manipulating the gut flora to restore balance of the microbiota community may be therapeutically feasible in patients with IBD and CAC.

It has been reported by numerous studies that oral administration of probiotics VSL\#3, a commercially available probiotic cocktail that contains 4 strains of genus *Lactobacillus*, 3 strains of genus *Bifidobacterium*, and 1 strain of genus *Streptococcus*, can reduce chronic inflammation and delay development of carcinoma in mouse models of CAC.[13](#cas13497-bib-0013){ref-type="ref"}, [18](#cas13497-bib-0018){ref-type="ref"}, [19](#cas13497-bib-0019){ref-type="ref"}, [20](#cas13497-bib-0020){ref-type="ref"} However, conclusions on whether there is a therapeutic effect of probiotics on CAC are not exactly the same. The overwhelming majority of studies support the view that probiotics prevent inflammation and carcinogenesis.[18](#cas13497-bib-0018){ref-type="ref"}, [19](#cas13497-bib-0019){ref-type="ref"}, [21](#cas13497-bib-0021){ref-type="ref"} In contrast, a recent study reported that concurrent treatment with VSL\#3 enhanced tumorigenesis in an AOM/Il10^−/−^ mouse model.[22](#cas13497-bib-0022){ref-type="ref"} Furthermore, the specific mechanisms underlying the beneficial effects of probiotics on CAC have not been fully investigated.

Bifico capsules were approved as an over‐the‐counter drug by the Chinese regulatory authority, the State Food and Drug Administration, in 2002.[23](#cas13497-bib-0023){ref-type="ref"} Previous research has shown that Bifico could relieve gastritis induced by *Helicobacter pylori* and ameliorate experimental colitis caused by DSS in mice.[24](#cas13497-bib-0024){ref-type="ref"}, [25](#cas13497-bib-0025){ref-type="ref"} However, the effect of Bifico on CAC has not been studied yet.

The goal of the present study is to evaluate the protective efficacy of Bifico capsules against AOM/DSS‐induced CAC in mice. In addition, we identified several significantly altered gut bacterial groups and genes that were involved in the protective effect of Bifico treatment. Our results confirm that the probiotic cocktail Bifico has the capacity to restrain colonic carcinogenesis in mice, providing evidence for the clinical application of Bifico to lower the morbidity of CAC in patients with recurrent IBD.

2. MATERIALS AND METHODS {#cas13497-sec-0002}
========================

2.1. Experimental animals {#cas13497-sec-0003}
-------------------------

Male C57BL/6 mice (age, 4 weeks) were purchased from the Laboratory of Animal Sciences, School of Medicine, Shanghai Jiao Tong University (Shanghai, China). The mice were specific pathogen‐free and were bred and housed at the Animal Care Facility of the Ruijin Hospital, Shanghai Jiaotong University School of Medicine in laboratory conditions (23°C, 50% humidity, 12/12‐h light/dark). The experiment protocol was approved by the Ethical Committee of Ruijin Hospital, Shanghai Jiaotong University School of Medicine.

2.2. Reagents {#cas13497-sec-0004}
-------------

Azoxymethane was purchased from Sigma‐Aldrich (St. Louis, MO, USA) and DSS was purchased from MP Biomedicals (molecular weight, 36‐50 kDa; Santa Ana, CA, USA). Bifico capsules, containing at least 1.0 × 10^7^ c.f.u. viable lyophilized *Bifidobacterium longum*, 1.0 × 10^7^ c.f.u. *Lactobacillus acidophilus*, and 1.0 × 10^7^ c.f.u. *Enterococcus faecalis* for each capsule (210 mg), were gifts from Shanghai Sinepharm (Shanghai, China). Antibody against proliferating cell nuclear antigen was purchased from Cell Signaling Technology (Danvers, MA, USA).

2.3. Experimental procedure {#cas13497-sec-0005}
---------------------------

The experimental timeline of this experiment is shown in Figure [1](#cas13497-fig-0001){ref-type="fig"}. Thirty‐five male C57BL/6 mice were randomly divided into 3 groups: the Ctrl group (n = 7), Model group (AOM/DSS only, n = 14), and Bifico group (n = 14). Modeling of CAC was carried out according to protocol.[26](#cas13497-bib-0026){ref-type="ref"} The mice were injected i.p. with a single dose of AOM (10 mg/kg) on the first day and 3 cycles of DSS treatment was adopted thereafter. For each cycle of DSS, the mice in the Model and Bifico groups received water containing 2% DSS (w/v) for 7 days in a row, followed by 2 weeks of sterile water. The mice in the Bifico group were given Bifico capsules (4.2 g/kg, dissolved in 200 μL physiological saline, at least 1.2 × 10^7^ c.f.u./d per mouse) by lavage 2 weeks before the beginning of the experiment each day (10:00 [am]{.smallcaps}) until the end of the experiment. The mice in the Ctrl and Model groups received the equivalent volume of physiological saline. Half of the mice in the Model and Bifico groups were randomly chosen to be killed by cervical dislocation (represented as Model 3 and Bifico 3 groups) at the end of week 3. Other mice were killed at the end of week 9 (represented as Model 9 group, Bifico 9 group, and Ctrl group).

![Experimental timeline for azoxymethane (AOM) and dextran sodium sulphate (DSS) mouse models of colitis‐associated cancer with interventional administration of the probiotic cocktail Bifico. Ctrl, control; d, day](CAS-109-666-g001){#cas13497-fig-0001}

2.4. Histopathological evaluation and immunohistochemistry {#cas13497-sec-0006}
----------------------------------------------------------

Colon biopsies were macroscopically examined for tumorigenesis and were made as "Swiss‐rolls".[26](#cas13497-bib-0026){ref-type="ref"} The tissues were then fixed in formalin overnight. The solution was subsequently changed to 70% ethanol before paraffin‐embedding. The paraffin sections were stained with H&E in accordance with the standard procedures for histological evaluation.[26](#cas13497-bib-0026){ref-type="ref"}

2.5. cDNA microarray {#cas13497-sec-0007}
--------------------

Total RNA was isolated from the colon tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocols. Total RNA was extracted from colorectums of 12 mice in the Bifico 3, Model 3, Bifico 9, and Model 9 treatment groups (n = 3/group). The cDNA microarray analysis was carried out by Phalanx Biotech Group using OneArray (Mouse OneArray v2; Taiwan, China).

2.6. DNA extraction and sequencing {#cas13497-sec-0008}
----------------------------------

Colons were removed and dissected longitudinally, then gently flushed with precooled PBS. Stools sticking on the mucosa were carefully removed using forceps. DNA was extracted using the QIAamp DNA MiniKit (Qiagen, Hilden, Germany). Polymerase chain reaction amplification of the 16S rRNA gene was carried out using PCR primers specific for the 338‐806 (V3‐V4) regions (338F, 5′‐ACTCCTACGGGAGGCAGC‐3′ and 806R, 5′‐GGACTACHVGGGTWTCTAAT‐3′). Purified amplicons were pooled in equimolar concentrations and paired‐end sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) at Majorbio Bio‐Pharm Technology (Shanghai, China).

2.7. Analysis of microbiota sequencing data {#cas13497-sec-0009}
-------------------------------------------

Operational taxonomic units were identified with a standard of at least 97% similarity in the 16S rRNA sequence using [usearch]{.smallcaps} and chimeric sequences were identified using [uchime]{.smallcaps}.[27](#cas13497-bib-0027){ref-type="ref"}, [28](#cas13497-bib-0028){ref-type="ref"} Classification of representative reads for each OTU was carried out utilizing the RDP Classifier algorithm against the Silva 16S rRNA database with a confidence threshold of 0.7.[29](#cas13497-bib-0029){ref-type="ref"}, [30](#cas13497-bib-0030){ref-type="ref"} The unweighted pair‐group method with arithmetic mean was used for hierarchical clustering, and principal co‐ordinate analyses were performed with [qiime]{.smallcaps} and R package software. A Venn diagram, bacterial taxonomic distributions, and Spearman\'s correlation coefficient were visualized using R software. Analysis of similarities was carried out using [qiime]{.smallcaps}. Linear discriminant analysis effect size was undertaken to receive representative bacterial groups of the Bifico and Model groups.[31](#cas13497-bib-0031){ref-type="ref"}

2.8. Real‐time qPCR {#cas13497-sec-0010}
-------------------

Total mRNA was extracted using TRIzol reagent (Invitrogen) and cDNA was synthesized using a PrimeScript RT reagent Kit (Takara Biotechnology, Dalian, China). Real‐time qPCR was carried out using Hieff qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) with the 7500 Real‐Time PCR System (Applied Biosystems). The results were analyzed using the 2^−ΔΔCT^ method. The primer sequences used in this experiment are shown in Table [S1](#cas13497-sup-0005){ref-type="supplementary-material"}.

2.9. Enzyme‐linked immunosorbent assay {#cas13497-sec-0011}
--------------------------------------

Levels of PGE~2~ in the serum were assessed by double antibody sandwich ELISA Kits (Elabscience, Wuhan, China) according to the manufacturer\'s instructions.

2.10. Statistics {#cas13497-sec-0012}
----------------

Differences in expression of pro‐inflammatory genes, tumor number, tumor average size, colon length, and richness of bacteria were analyzed by Student\'s *t* test using GraphPad Prism 7.0 software. Results were considered significant if two‐tailed *P*‐values were \< .05.

3. RESULTS {#cas13497-sec-0013}
==========

3.1. Bifico treatment reduces colonic inflammation {#cas13497-sec-0014}
--------------------------------------------------

The chemopreventive effect of Bifico against colonic inflammation was evaluated. The body weight of mice decreased substantially following each periodic exposure to DSS and the mice partially retrieved their body weight when DSS treatment was suspended. After the second exposure cycle to DSS, the body weight loss percentage of the mice in the Bifico group was significantly less extensive than the mice in the Model group (Figure [2](#cas13497-fig-0002){ref-type="fig"}A). Shortening of colon length was remarkably alleviated in response to Bifico treatment (Figure [2](#cas13497-fig-0002){ref-type="fig"}B). Colonic histological H&E stained sections showed the degree of colonic inflammation in each group (Figure [2](#cas13497-fig-0002){ref-type="fig"}C). Mucosal erosion, crypt distortion, inflammatory cell infiltration, and destruction of muscularis mucosae were observed (Figure [2](#cas13497-fig-0002){ref-type="fig"}C, Model and Bifico), and the impaired architecture of the colonic lamina propria was partly restored by Bifico treatment (Figure [2](#cas13497-fig-0002){ref-type="fig"}C, Bifico). There was no inflammatory damage present in mice of the Ctrl group (Figure [2](#cas13497-fig-0002){ref-type="fig"}C, Ctrl). Furthermore, the mRNA levels of pro‐inflammatory genes were examined. The expression of *Tnf*α*, Il1*β*, Il6, and Ptgs1* dramatically increased due to treatment with AOM/DSS (Figure [2](#cas13497-fig-0002){ref-type="fig"}D). More noteworthy was that such an increment in expression levels of these genes was eliminated in mice of the Bifico group (Figure [2](#cas13497-fig-0002){ref-type="fig"}D). In addition, the level of PGE~2~ in serum was measured. The PGE~2~ level was enhanced by AOM/DSS, and this enhancement was markedly inhibited by Bifico treatment (Figure [2](#cas13497-fig-0002){ref-type="fig"}E).

![Treatment with probiotic Bifico alleviates colonic inflammation in azoxymethane (AOM) and dextran sodium sulphate (DSS)‐induced mouse models of colitis‐associated cancer. A, Weight changes over the whole period of the experiment. B, Representative images of colon morphology and statistics of colon length. C, Representative H&E histological sections of the colons. Original magnification, ×100. D, Effect of Bifico on expression of pro‐inflammatory genes in the colon tissues. E, Effect of Bifico on the level of prostaglandin E2 (PGE ~2~) in the serum. Data are expressed as mean ± SEM. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001, compared to the Bifico group or the control (Ctrl) group (n = 4)](CAS-109-666-g002){#cas13497-fig-0002}

3.2. Bifico treatment attenuates AOM/DSS‐induced carcinogenesis {#cas13497-sec-0015}
---------------------------------------------------------------

We observed occurrence of neoplastic lesions in response to AOM/DSS, and macroscopic images of the colorectums of mice among different groups are shown in Figure [3](#cas13497-fig-0003){ref-type="fig"}A. Most of the neoplasms were spread over the distal colon and rectum, ranging from 1 mm to 4 mm, with few tumors located in the proximal colon. Bifico treatment exerted a significant inhibitory effect on the multiplicity and size of colitis‐induced tumors, with an average of 8.3 macroscopic tumors (mean diameter, 1.52 mm) per mouse in Bifico‐treated animals vs 12.7 tumors (mean diameter, 1.23 mm) per mouse in the Model group (Figure [3](#cas13497-fig-0003){ref-type="fig"}B‐E). In evaluation of colon histology, mice in the Model group showed evidence of multiple adenoma and invasive adenocarcinoma (Figure [3](#cas13497-fig-0003){ref-type="fig"}F, Model), whereas disease in mice in the Bifico group mainly manifested as crypt dysplasia and adenoma (Figure [3](#cas13497-fig-0003){ref-type="fig"}F, Bifico). Additionally, the expression of proliferating cell nuclear antigen was dramatically upregulated by AOM/DSS when compared with mice in the Ctrl group (Figure [3](#cas13497-fig-0003){ref-type="fig"}G, Model). Notably, this trend was significantly suppressed by Bifico treatment (Figure [3](#cas13497-fig-0003){ref-type="fig"}G, Bifico).

![Chemopreventive effect of the probiotic cocktail Bifico on tumorigenesis in mouse models of colitis‐associated cancer. A, Representative macroscopic imaging. Red arrows indicate tumors with diameter \>1 mm. B‐E, Statistics of tumor multiplicity, tumor diameter, and tumor distribution. F, G, Representative H&E sections of colons (F) and immunohistochemical staining with proliferating cell nuclear antigen (PCNA) (G). Data are expressed as mean ± SEM (n = 7). \**P* \< .05, \*\**P* \< .01, compared to the Model group. Original magnification, ×100; ×400 for partial enlarged views in the bottom right corner of each image](CAS-109-666-g003){#cas13497-fig-0003}

3.3. Transcriptional changes induced by AOM/DSS and probiotic mixture treatment {#cas13497-sec-0016}
-------------------------------------------------------------------------------

To fully explore the underlying mechanism of the Bifico effect, global transcriptional changes of mice in the Model and Bifico groups were identified by cDNA microarray analysis of colon tissues. Two‐dimensional hierarchical clustering showed distinct gene expression patterns at different time points among different groups (Figure [S1](#cas13497-sup-0001){ref-type="supplementary-material"}). We compared gene expression levels of the mice in the Model group with those in the Bifico group. We identified 300 differentially expressed genes between mice in the Model and Bifico groups at week 9 (experiencing 3 DSS cycles), finding that 166 genes were upregulated and 134 genes were downregulated (log~2~\|fold change\| ≥ 1.0; *P* \< .05, marked as profile BIFICO). In addition, we were also interested in gene profile alterations during the process of CAC progression. We compared the levels of gene expression at week 9 to those at week 3, and found that 1155 genes were upregulated, whereas 453 genes were downregulated (log~2~\|fold change\| ≥ 1.0; *P* \< .05, marked as profile CAC). We presented the above results with volcano plots (Figure [S2](#cas13497-sup-0002){ref-type="supplementary-material"}A,B).

We then carried out biological pathway and gene ontology enrichment analyses using the Database for Annotation, Visualization and Integrated Discovery (<https://david.ncifcrf.gov/>) to identify possible biological pathways and biological processes associated with Bifico treatment.[32](#cas13497-bib-0032){ref-type="ref"} We undertook the enrichment analysis on the gene expression of profile BIFICO, and identified nine significantly canonical pathways. Figure [4](#cas13497-fig-0004){ref-type="fig"}A shows the significant pathways. We then continued to investigate significant canonical pathways associated with CAC progression by undertaking enrichment analysis on profile CAC. A total of 11 canonical pathways were identified (Figure [4](#cas13497-fig-0004){ref-type="fig"}B). The results of gene ontology enrichment analysis of profile BIFICO and profile CAC are displayed in Figure [S2](#cas13497-sup-0002){ref-type="supplementary-material"}C,D.

![Results of cDNA microarray and validation of the expression of selected genes in azoxymethane (AOM) and dextran sodium sulphate (DSS)‐induced mouse models of colitis‐associated cancer. A, Significant canonical pathways of genes expressed differentially in response to treatment with the probiotic cocktail Bifico. B, Significant canonical pathways in progression of colitis‐associated cancer. C, Bifico target genes (n = 3). D, Validation of the expression levels of selected genes; n = 4 mice/treatment group. Data are expressed as mean ± SEM (n = 4). \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001, compared to the Bifico group or control (Ctrl) group. Bifico 9, mice treated with AOM/DSS and Bifico, killed at 9 wk; Model 3, mice treated with AOM/DSS without Bifico, killed at 3 wk; Model 9, mice treated with AOM/DSS without Bifico, killed at 9 wk](CAS-109-666-g004){#cas13497-fig-0004}

Interestingly, we found some genes changed in the opposite direction according to the above results. To gain insight into the protective mechanism of Bifico, we compared significantly expressed genes in the Model datasets at week 9 vs week 3 (profile CAC) and those in Bifico group vs Model group at week 9 (profile BIFICO). A total of 95 genes were found regulated in the opposite direction. We found that 88 genes upregulated by AOM/DSS were dramatically downregulated by Bifico, and another 7 genes changed in the opposite trend simultaneously (log~2~\|fold change\| ≥ 1.3). Presumably, these genes could possibly serve as pivotal modulating factors in the preventive effect of Bifico against CAC progression (Figure [4](#cas13497-fig-0004){ref-type="fig"}C). Among the potential regulators, we selected 5 genes to validate their mRNA levels using RT‐qPCR, including *CXCL1*,*CXCL2*,*CXCL3*,*CXCL5*, and *CCL7*. As presented in Figure [4](#cas13497-fig-0004){ref-type="fig"}D, fold changes of these genes in mice of the Bifico group were identified as significantly downregulated when compared with those in the Model group.

3.4. Bifico alters composition of the mucosa‐adherent microbiota community {#cas13497-sec-0017}
--------------------------------------------------------------------------

To determine the changes in colonic microbiota community, we assessed the mucosa‐adherent microbiota from colon tissues by using high‐throughput sequencing. Microbial community diversity was estimated using the Chao1 and Shannon indices, and the richness was assessed based on the number of OTUs. Diversity of the gut flora was not significantly altered by Bifico treatment, although a lower trend in diversity in the intestinal microbiota of Bifico‐fed mice was observed (Figure [5](#cas13497-fig-0005){ref-type="fig"}A). Similarity of the colonic flora among samples was revealed using a phylogenic tree. Each branch of the tree represented the microbiota structure of 1 sample, and the samples in the same group shared a high similarity (Figure [5](#cas13497-fig-0005){ref-type="fig"}B). Next, we examined the shared and unique bacterial OTUs among different groups. The shared OTUs from the 24 samples are shown with a Venn diagram (Figure [5](#cas13497-fig-0005){ref-type="fig"}C).

![Bifico probiotic alters the community composition of mucosa‐adherent microbiota in models of colitis‐associated cancer. Mice were treated with azoxymethane and dextran sodium sulphate and killed at 3 wk or 9 wk (Model 3 and Model 9 groups, respectively), or also received Bifico (Bifico 3 and Bifico 9 groups, respectively); n = 5 mice/group. A, Bifico did not alter the Shannon index or Chao1 index. B, Hierarchical clustering tree for each sample at the operational taxonomic unit (OTU) level. C, Venn diagram of shared and unique OTUs among different groups. The histogram represents the number of OTUs of each group. D, E, Principal coordinates analysis based on Bray‐Curtis dissimilarity (D) and weighted UniFrac dissimilarity (E). Control (Ctrl) group, n = 4. n.s., not significant](CAS-109-666-g005){#cas13497-fig-0005}

To obtain in‐depth knowledge of changes of microbiota community structures caused by Bifico treatment, a principal co‐ordinate analysis was carried out on Bray‐Curtis dissimilarity and UniFrac weighted distance. Significant separation was revealed between Model and Bifico groups (analysis of similarity based on Bray‐Curtis and weighted UniFrac distance; *P*‐value, .006 and .014; Figure [5](#cas13497-fig-0005){ref-type="fig"}D,E, respectively).

3.5. Bifico changes the abundance of specific taxa of the mucosal microbiota {#cas13497-sec-0018}
----------------------------------------------------------------------------

Relative abundances of taxa (contributing \>1%) are depicted using pie charts in Figure [6](#cas13497-fig-0006){ref-type="fig"}A,B. Distribution of colonic microbiota in the Ctrl, Model 3, and Bifico 3 groups is shown with bar charts in Figure [S3](#cas13497-sup-0003){ref-type="supplementary-material"}. To explore the association between gut microbiota and the effect of Bifico, we further analyzed the changes on abundance of specific taxa. Bifico‐treated mice showed a significant contraction of *Deferribacteres* in the mucosal microbiota (Figure [6](#cas13497-fig-0006){ref-type="fig"}A, Table [S2](#cas13497-sup-0006){ref-type="supplementary-material"}). At the genus level, Bifico treatment resulted in a significant shrinkage of *Mucispirillum*,*Odoribacter*, and *Desulfovibrio* (Figure [6](#cas13497-fig-0006){ref-type="fig"}B, Table [S3](#cas13497-sup-0007){ref-type="supplementary-material"}). Notably, Bifico treatment contributed to a significant increment of *Lactobacillus* (Figure [6](#cas13497-fig-0006){ref-type="fig"}B). We also attempted to identify the altered bacterial groups during the progression of CAC. *Mucispirillum*,*Odoribacter*, and *Desulfovibrio* were of increased abundance in Model 9 group, whereas *Ruminiclostridium* showed the opposite change (Figure [S4](#cas13497-sup-0004){ref-type="supplementary-material"}).

![Bifico probiotic changes the structure of gut flora in models of colitis‐associated cancer. Mice were treated with azoxymethane and dextran sodium sulphate and killed at 9 wk (Model 9 group), or also received Bifico (Bifico 9 group); n = 5 mice/group. Pie charts depict median standardized abundance (% of total) of the indicated taxa. A, B, Phylum level (A) and genus level (B) distribution of gut flora in Bifico 9 and Model 9 groups. Standardized abundance of taxa contributing \>1% were included, and pair‐wise comparisons were carried out using the Wilcoxon rank sum test. \**P* \< .05](CAS-109-666-g006){#cas13497-fig-0006}

To further determine the core bacterial group on the intestinal mucosa of mice, LDA coupled with effect size measurements was carried out (*P* \< .05, LDA score \>2.0). We found that 31 bacterial groups were enriched in the Model group, and 15 taxa in the Bifico treatment group (Figure [7](#cas13497-fig-0007){ref-type="fig"}A,B). Of all these bacterial groups, *Desulfovibrio*,*Mucispirillum*, and *Odoribacter* were the core genera in the Model 9 group, whereas *Lactobacillus* was remarkably enriched in the Bifico 9 group (LDA score \>4.0; Figure [7](#cas13497-fig-0007){ref-type="fig"}B).

![Cladogram, linear discriminant analysis (LDA) distribution, and heat map of Spearman\'s correlation coefficients of gut flora in models of colitis‐associated cancer. Mice were treated with azoxymethane and dextran sodium sulphate and killed at 9 wk (Model 9 group), or also received the probiotic Bifico (Bifico 9 group). A, Taxonomic representation of taxa of the mice in Model and Bifico groups. B, Histogram of the LDA scores for differentially abundant microbiota. The threshold of LDA score was 2.0 (n = 5). C, Heat map of Spearman\'s correlation coefficients between expression of C‐X‐C motif receptor 2 signaling genes and relative abundance of Bifico target taxa. \*Bacterial groups with LDA score \>4.0 (n = 4)](CAS-109-666-g007){#cas13497-fig-0007}

3.6. Changes in gene expression profiles are correlated with microbiota alterations {#cas13497-sec-0019}
-----------------------------------------------------------------------------------

We selected 5 differentially expressed genes, concluded from results of the cDNA microarray, and quantified their expression changes (Figure [4](#cas13497-fig-0004){ref-type="fig"}D). More importantly, we found that some Bifico‐influenced taxa were associated with these genes. Correlation between the relative abundance of the bacterial genus and the mRNA fold‐change of selected genes of mice among the Bifico 9 and Model 9 groups are depicted utilizing a heat map of Spearman\'s correlation coefficients (Figure [7](#cas13497-fig-0007){ref-type="fig"}C). Taxa that were significantly associated with any of the 5 genes included *Desulfovibrio*,*Odoribacter*,*Mucispirillum*, and *Lactobacillus* (Figure [7](#cas13497-fig-0007){ref-type="fig"}C, Table [S4](#cas13497-sup-0008){ref-type="supplementary-material"}). The bacterial groups that were of decreased abundance in the Bifico group, *Desulfovibrio* and *Odoribacter*, were positively correlated with expression of genes *CXCL1*,*CXCL2*,*CXCL3*,*CXCL5*, and *CCL7*, and *Mucispirillum* was positively associated with *CXCL1*,*CXCL3*,*CXCL5*, and *CCL7* (Table [S4](#cas13497-sup-0008){ref-type="supplementary-material"}). In contrast, *Lactobacillus* was negatively associated with the expression of *CXCL2* and *CCL7* (Table [S4](#cas13497-sup-0008){ref-type="supplementary-material"}). Other correlated bacterial groups are presented in Table [S4](#cas13497-sup-0008){ref-type="supplementary-material"}. Similar correlations were observed at the OTU level (Table [S5](#cas13497-sup-0009){ref-type="supplementary-material"}).

4. DISCUSSION {#cas13497-sec-0020}
=============

It is universally accepted that alteration in the community structure of the microbiota acts as a driving force during the stepwise progression from inflammation to dysplasia to adenocarcinoma. Thus, the possibility of retraining tumor progression by manipulating the intestinal microbiota seems logical. In this experiment, we confirmed that prophylactic administration of Bifico could alleviate weight loss, reduce the multiplicity and average size of tumors, and lower the expression of pro‐inflammatory genes in an AOM/DSS mouse model. These results are in agreement with numerous previous reports focusing on probiotics.[18](#cas13497-bib-0018){ref-type="ref"}, [19](#cas13497-bib-0019){ref-type="ref"}, [20](#cas13497-bib-0020){ref-type="ref"}, [33](#cas13497-bib-0033){ref-type="ref"} Notably, compared with other studies focusing on VSL\#3, we used a lower dose of probiotic (VSL\#3 vs Bifico, 1 × 10^9^ c.f.u. vs 1.2 × 10^7^ c.f.u./mouse each day) to achieve a similar inhibitory effect on inflammation and tumorigenesis in an AOM/DSS mouse model, which reflects that *Lactobacillus*,*Bifidobacteria*, and *Enterococcus* could be an alternative combination, and a high dosage of probiotics may not be indispensable.

To investigate the underlying mechanism of probiotics' preventive effect, we detected alterations in the gene expression profile and microbial community of the intestine. We compared gene expression profiles in the inflammatory phase (1 cycle of DSS) with that in the neoplastic phase (3 cycles of DSS), and canonical pathway analysis of these genes highlighted "cytokine‐cytokine receptor interaction" as the most significantly influenced pathway induced by AOM/DSS, which is consistent with a previous study.[34](#cas13497-bib-0034){ref-type="ref"} Most noteworthy was that this pathway also showed significance in a comparison of gene expression profiles between the Bifico group and the Model group, indicating that Bifico might exert preventive effects against tumorigenesis through reversing the expression of these genes.

*CXCL1*,*CXCL2*,*CXCL3*, and *CXCL5* are all CXC chemokines with an Glu‐Leu‐Arg motif, and bind to CXCR2 to play their role.[35](#cas13497-bib-0035){ref-type="ref"} *CXCL1* and *CXCL5* are reported to be significantly upregulated in human colorectal cancer specimens compared with their tumor adjacent tissues.[36](#cas13497-bib-0036){ref-type="ref"} *CXCL1* contributes to tumor angiogenesis, cell invasion, and migration in several types of cancer, including colon cancer.[5](#cas13497-bib-0005){ref-type="ref"}, [37](#cas13497-bib-0037){ref-type="ref"} In keeping with *CXCL1* and *CXCL5*,*CCL7* is also reported to enhance colon cancer progression and metastasis through epithelial‐mesenchymal transition.[38](#cas13497-bib-0038){ref-type="ref"} A previous study reported that deletion of *CXCR2* can attenuate AOM/DSS‐induced colitis‐associated tumorigenesis through diminishing infiltration of granulocytic myeloid‐derived suppressor cells.[35](#cas13497-bib-0035){ref-type="ref"} Additionally, *CXCR2* signaling can also enhance blood vessel formation in solid tumors through recruiting tumor‐associated neutrophils.[39](#cas13497-bib-0039){ref-type="ref"}, [40](#cas13497-bib-0040){ref-type="ref"} In our study, the gene expression of *CXCR2* showed no difference between the Model and Bifico groups. However, CXCR2 ligands *CXCL1*,*CXCL2*,*CXCL3*, and *CXCL5*, which were significantly induced by AOM/DSS, were all markedly downregulated by Bifico treatment, indicating that Bifico might interfere with the migration of numerous types of tumor‐infiltrating inflammatory cells and therefore reshape the tumor microenvironment to inhibit tumor progression.

Alternatively, Bifico could distinctly change the composition of the gut microbiota community attached to the colonic mucosa. As previous studies described, *Desulfovibrio* had the capacity to degrade sulfate and produce high levels of hydrogen sulfide, which is regarded as a genotoxic agent that might play a role in colitis and colonic tumorigenesis.[41](#cas13497-bib-0041){ref-type="ref"} *Desulfovibrio* also displays a flourish of relative abundance in IBD colon tissues and in patients with adenoma and rectal cancer.[14](#cas13497-bib-0014){ref-type="ref"}, [42](#cas13497-bib-0042){ref-type="ref"}, [43](#cas13497-bib-0043){ref-type="ref"}, [44](#cas13497-bib-0044){ref-type="ref"} However, most studies have shown that the abundance of *Desulfovibrio* in the intestinal tract of colon cancer patients does not increase.[45](#cas13497-bib-0045){ref-type="ref"}, [46](#cas13497-bib-0046){ref-type="ref"} Considering its role in triggering colonic inflammation, *Desulfovibrio* may be of larger significance in CAC initiation and progression than in sporadic colorectal cancer. Another putative mucin degrader, *Mucispirillum*, was detected at decreased levels in the Bifico‐treated group when compared with the Model group.[47](#cas13497-bib-0047){ref-type="ref"}, [48](#cas13497-bib-0048){ref-type="ref"}, [49](#cas13497-bib-0049){ref-type="ref"} *Mucispirillum*, with increasing abundance in DSS‐treated mice and natural killer T cell‐deficient mice, is recognized as opportunistic pathogen that may fuel inflammation.[14](#cas13497-bib-0014){ref-type="ref"}, [47](#cas13497-bib-0047){ref-type="ref"}, [48](#cas13497-bib-0048){ref-type="ref"}, [49](#cas13497-bib-0049){ref-type="ref"} *Odoribacter* is also reported to markedly bloom in AOM/DSS‐induced CRC mice and patients with rectal cancer.[42](#cas13497-bib-0042){ref-type="ref"}, [50](#cas13497-bib-0050){ref-type="ref"}

As shown in our results, the significant enrichment of *Desulfovibrio*,*Mucispirillum*, and *Odoribacter* in the Model group was partly removed by treatment with Bifico, suggesting that Bifico could relieve inflammation and decrease tumor formation by inhibiting these colitogenic bacteria. We also detected a tremendous expansion of the genus *Lactobacillus*, a member of the Bifico bacterial group. As reported by numerous studies, treatment with various strains of *Lactobacillus* reduces the severity of colitis and colitis‐associated carcinogenesis in both mice and humans[21](#cas13497-bib-0021){ref-type="ref"}, [51](#cas13497-bib-0051){ref-type="ref"}, [52](#cas13497-bib-0052){ref-type="ref"}, [53](#cas13497-bib-0053){ref-type="ref"}, [54](#cas13497-bib-0054){ref-type="ref"} Therefore, we assume that *Lactobacillus* is the crucial component in Bifico\'s chemoprevention of colitis‐associated tumorigenesis. Nevertheless, we did not detect any significant alteration in abundance of *Bifidobacteria* or *Enterococcus*, 2 other components in the Bifico cocktail, probably because we tested mucosa tissues rather than stool specimens, and the vast majority of the bacteria was excreted with feces.

Interestingly, we found that these CAC‐associated bacterial taxa were correlated with the expression of CXCR2 signaling genes, which indicates a mechanistic link between CXCR2 signaling gene expression and alterations of certain bacterial groups. Such an association sustains the view that the microbiota could regulate the development of tumors through shaping the immune system.[5](#cas13497-bib-0005){ref-type="ref"}, [10](#cas13497-bib-0010){ref-type="ref"} Presumably, *Desulfovibrio* and *Mucispirillum* may putatively degrade mucin, a component of the viscous‐elastic mucus, and therefore impair its protection against external damage. Such a disruption of the intestinal barrier may directly lead to the consequence of increased exposure of the intestinal epithelial cells to the luminal microbiota. It is noteworthy that *Desulfovibrio* is reportedly capable of invading and surviving in KB cells, a kind of oral epidermoid carcinoma cell, thereby giving rise to increased production of interleukin‐6 and interleukin‐8.[55](#cas13497-bib-0055){ref-type="ref"} We can speculate that *Desulfovibrio* might also trigger the inflammatory response through such a direct way in the process of CAC initiation and progression.

Notably, pathogenic bacteria groups are reported to induce expression of the inflammatory enzyme COX‐2 in inflamed colonic mucosa.[56](#cas13497-bib-0056){ref-type="ref"}, [57](#cas13497-bib-0057){ref-type="ref"} Both COX‐2 and COX‐2‐derived PGE~2~ have been proven to upregulate CXCR2 ligands in intestinal mucosa and tumors.[35](#cas13497-bib-0035){ref-type="ref"} Considering that the expression of COX‐2 in the colon tissues and levels of PGE~2~ in the serum were significantly downregulated by treatment with Bifico, we predict that COX‐2 could be one of the mediators that links the altered colonic microbiota and the CXCR2 signaling axis in the Bifico intervention process.

Our results strongly suggest that the probiotic mixture Bifico exerted an efficacious chemopreventive impact on inflammation‐associated CRC. Although we identified the noticeable changes in the global transcriptome and microbial community associated with probiotic treatment, the causal relationship between these changes and attenuated tumorigenesis cannot be determined. Further detailed studies are required to investigate this deeply. Most of all, our results imply a mechanistic link between the possible Bifico‐responsive pathogenic taxa (*Desulfovibrio, Mucispirillum*, and *Odoribacter*) and the CXCR2 signaling axis during CAC progression, which could explain, in part, the pattern of the preventive effect of probiotic treatment.
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